Abstract Advanced hepatocellular carcinoma (HCC) is an important cause of cancer mortality. Epithelial-mesenchymal transition (EMT) has been shown to be an important biological process in cancer progression and metastasis. We have focused on elucidating factors that induce EMT to promote carcinogenesis and subsequent metastasis in HCC using the BNL CL.2 (BNL) and BNL 1ME A. 7R.1 (1MEA) cell lines. BNL cells are normal hepatocytes whereas the 1MEA cells are HCC cells derived from chemical transformation of the BNL cells. Their morphological characteristics were examined. Expression levels of hepatocyte growth factor (HGF), markers of EMT and mediators of HGF signaling were determined and functional characteristics were compared. BNL cells were treated with HGF and effects on EMT-marker and mediators of HGF signaling were analyzed. BNL cells display characteristic epithelial morphology whereas 1MEA cells display mesenchymal characteristics. 1MEA cells express and secrete more HGF than BNL cells. There was significantly decreased expression of E-cadherin, albumin, AAT and increased expression of fibronectin, collagen-1, vimentin, snail and slug in 1MEA cells. There was also increased expression of cyclooxygenase-2 (COX-2), Akt and phosphorylated Akt (pAkt) in 1MEA cells. Moreover, 1MEA cells had increased migratory capacity inhibited by inhibition of COX-2 and Akt but not extracellular signal regulated kinase (ERK). Molecular mesenchymal characteristics of 1MEA cells were reversed by inhibition of COX-2, Akt and ERK. Treatment of BNL cells with HGF led to decreased expression of E-cadherin and increased expression of fibronectin, vimentin, snail, slug, COX-2, Akt, pAkt and increased migration, invasiveness and clonogenicity. We conclude that development of HCC is associated with upregulation of HGF which promotes EMT and carcinogenesis via upregulation of COX-2 and Akt. Consequently, HGF signaling may be targeted for therapy in advanced and metastatic HCC.
Introduction
Hepatocellular carcinoma (HCC) is currently the third commonest cause of cancer mortality worldwide [1] . Advanced and metastatic HCC is a highly devastating disease with limited and largely ineffective treatment options. Consequently, there is still a great need for a better understanding of the underlying biology of advanced HCC and the efforts towards finding effective molecular targeted therapy should be intensified.
An important biological process that has been shown to underlie cancer progression, metastasis and recurrence is epithelial-mesenchymal transition (EMT) [2] . Indeed, metastasis of tumors has been associated with markers of EMT [3] . For example, loss of E-cadherin [4] , gain of vimentin [5] , gain of collagen I [6] , gain of fibronectin [7] as well as expression of transcription factors of the snail family [8] have all been reported in cancers. The phenomenon of EMT results in epithelial cells losing their cell-cell adhesions, acquiring mesenchymal phenotype, becoming migratory and invasive and in the case of cancer cells the ultimate consequence is metastatic spread [4] . This process has also been implicated in the development of cancer chemoresistance [5] .
Research has revealed that a number of factors promote EMT in various cells. These include growth factors such as hepatocyte growth factor (HGF), transforming growth factor beta (TGFb), epidermal growth factor (EGF), fibroblast growth factor (FGF), insulin-like growth factor (IGF) and platelet derived growth factor (PDGF) [6] [7] [8] [9] [10] . The role of these growth factors in EMT was initially characterized in the context of embryogenesis, but it has since become widely recognized that EMT also occurs in the context of carcinogenesis.
In HCC, dysregulation of growth factor pathways is a well-known factor [11] . Further, there is now accumulating evidence that hepatocellular EMT takes place in the contexts of liver fibrosis and HCC [12] [13] [14] [15] [16] [17] . So far, the established growth factors reported in literature to promote EMT in HCC are TGFb and PDGF [16] [17] [18] . The c-met protooncogene and HGF have been reported to be associated with HCC [19] [20] [21] and a recent study reported whilst we were still conducting our own study has suggested that HGF may have a direct role in EMT induction in HCC [22] . Further clarification is still required and the underlying signaling mechanisms are still unknown.
HGF is a multifunctional cytokine that binds to the c-met proto-oncogene to promote cell proliferation, cell survival, cell migration, branching morphogenesis and migration in a variety of systems [23] . It has also been linked to invasion in many types of cancers [24] . Research has shown that HGF signals via a number of intracellular signaling mechanisms including phosphatidylinositol-3 kinase (PI3K)/protein kinase B (Akt) [25] , extracellular signal regulated kinase (ERK) [25, 26] and cyclooxygenase-2 (COX-2) [27] . Although HGF activity in the liver has been linked to PI3K/Akt, ERK and COX-2 [23, 28] , it is unknown whether they play a role in EMT in HCC.
Consequently, we have examined the direct role of HGF in promoting EMT and carcinogenesis in HCC and investigated the role of Akt, ERK or COX-2 signaling in this process.
Materials and methods

Cell culture and reagents
The BNL CL.2 (BNL) and BNL 1ME A. 7R.1 (1MEA) cell lines were obtained from the American Type Culture Collection (ATCC), Manassas, VA and used in this study. They are both hepatocytes derived from the liver of BALB/ c mice. BNL is non-tumorigenic whereas 1MEA is tumorigenic. 1MEA was derived by chemical transformation of the BNL cell line using 3-methylcholanthrene epoxide [29] . Both cell lines were kept in culture in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, nonessential amino acids, 100 mg/l penicillin and 100 mg/l streptomycin.
In proof of concept studies, BNL cells in culture were treated for 5 days with mouse HGF (5 ng/ml). Untreated cells were always used as controls. Also, selective inhibitors of COX-2 (1 lM celecoxib), ERK (25 lM PD 98059) and Akt (10 lM LY 294002) were used in mechanistic studies. All inhibitors were purchased from EMD Chemicals, NJ and dissolved in dimethyl sulfoxide (DMSO) and control cells were always treated with equivalent volumes of DMSO. Inhibitor concentrations used were those previously established to have specific activity [30] .
Haematoxylin and eosin staining Cells were plated onto microscope slides and cultured in complete medium overnight. After fixing in 1% formaldehyde for 1 min cells were washed in distilled water for 5 min, immersed in hematoxylin for 2 min, washed again twice in distilled water for 15 s and then 1 min, immersed in clarifier, washed again in distilled water and then immersed in bluing reagent, then distilled water and then 80% ethanol all for 30 s. The cells were then immersed in eosin for 1 min, dipped twice in 95% ethanol and then dehydrated in 2 changes of 100% ethanol and then 3 changes of xylene by immersion for 1 min each. Stained cells were visualized with a microscope equipped with imaging software. Images were acquired at 920 magnification.
Immunoblotting
Cells were cultured in a monolayer in 6-well plates until 60-70% confluent. Immunoblotting was performed as previously described [31] . The specific primary antibodies used are listed in Table 1 . Immunoreactive proteins were visualized by incubating in HRP-conjugated secondary antibodies. Chemiluminescence was detected by incubating in an equal-parts mixture of the SuperSignal West Pico stable peroxide solution and luminol/enhancer solution (Pierce, IL) and subsequently using an image processing machine.
Quantitative real-time reverse transcriptase polymerase chain reaction (qPCR) qPCR was performed as previously described [32] . The primers used for amplification are listed in Table 2 . They were designed using the OligoPerfect TM Designer software (freely available at www.invitrogen.com). qPCR was performed using SYBR Green. Reactions were conducted in a 96-well spectrofluorometric thermal cycler (Applied Biosystems, CA).
HGF enzyme-linked immunosorbent assay (ELISA) Cells were seeded at 1 9 10 6 cells/well in 6-well plates and cultured in complete medium for 72 h. To test for HGF release in medium, cells were serum-starved for 24 h before assessment of HGF secretion into serum-free medium using a specific mouse HGF ELISA (R&D Systems) and following manufacturer's instructions.
Migration, invasion and clonogenic assays 1 9 10 4 cells were seeded into 6-well plates. At 60-70% confluency, the cell monolayer was wounded with a 200 ll-pipette, washed with PBS and medium replaced. Images were taken 24 h later. Images from three experiments were analyzed for percentage cell-covered area using the Wimasis Image Analysis software (Wimasis GmbH, Munich, Germany). For invasion experiments, 1 9 10 5 cells (untreated BNL cells vs. HGF-treated BNL cells vs. untreated 1MEA cells) in serum free medium were seeded into an insert with 6.5 mm Transwell membrane with 8 lm pores that had been pre-laid with 15 ll 10 lg/ ml collagen. The bottom chamber contained serum-containing medium to serve as chemoattractant. After 24 h, medium in the insert was removed, cells were fixed with 10% formalin and stained with toluidine blue (Sigma, MO). Cells left on the upper surface of the insert were removed with moist soft paper or cotton wool swab. Cells on the under surface of the insert were visualized with microscopy and counted. For clonogenic assays, cells were seeded at a density of 2 9 10 4 in triplicate into 12-well plates containing agar and DMEM supplemented with 5% FCS.
After 12 days, colonies larger than 50 lm in diameter were counted using light microscopy.
Tumorigenicity studies 1 9 10 6 cells were transplanted into the flank of immunocompetent Balb/c mice following University of Florida IACUC approved protocols. Briefly, cells were harvested in serum-containing medium. After spinning down, the harvested cells were washed with PBS and resuspended in PBS at a concentration of 1 9 10 6 cells/100 ll and 100 ll was injected. Animals were humanely sacrificed after 3 weeks and tumor weight measured.
Statistical analysis qPCR (normalized to GAPDH), immunoblotting, HGF ELISA, soft agar assay, invasion, migration and tumorigenicity experiments were performed at least three times. Results are expressed as mean ± SEM. Effects were compared with controls. Paired t tests were used to analyze the effect of experimental samples as compared to controls. P \ 0.05 was considered significant.
Results
BNL and 1MEA cells are morphologically different
The morphological characteristics of BNL and 1MEA cells were examined initially by examination under a light microscope and then after using hematoxylin and eosin staining. There is obvious morphological difference between the two cell lines. BNL has more characteristic epithelial morphology whereas 1MEA has mesenchymal morphology (Fig. 1 (Fig. 2) .
1MEA cells display molecular mesenchymal characteristics in comparison to BNL cells Then, we wanted to confirm whether the increased expression of HGF observed in the 1MEA cell line is associated with molecular mesenchymal characteristics. We examined expression levels of E-cadherin, albumin, fibronectin (gene and protein) as well as collagen-I, vimentin, AAT, snail and slug (gene). Our data show that 1MEA cells have significantly decreased E-cadherin, albumin and AAT expression, but significantly increased fibronectin, collagen-I, vimentin, snail and slug expression in comparison with BNL cells ( Fig. 3 ; Supplementary  Fig. 1 ). We also found that inhibition of COX-2 (1 lM celecoxib), ERK (25 lM PD 98059) and Akt (10 lM LY 294002) significantly reversed the mesenchymal characteristics of 1MEA cells (Supplementary Fig. 2 ). Mesenchymal cells typically have decreased E-cadherin expression [33] , increased vimentin [34] , fibronectin [35] and collagen-I expression [14] . Albumin expression is characteristic of hepatocytes and it is a known epithelial cell marker in the liver [36] . And preliminary data from our laboratory (unpublished) show that decreased AAT expression is characteristic of mesenchymal transformation in hepatocytes.
Assessment of COX-2, ERK and Akt expression
To determine the underlying signaling mechanisms responsible for mediating HGF associated carcinogenesis and mesenchymal transformation, we examined the expression levels of COX-2 gene and protein, ERK gene and protein, phosphorylated ERK (p-ERK) protein, Akt gene and protein and p-Akt protein in both BNL and 1MEA cells. We found that 1MEA cells expressed significantly more COX-2, Akt, p-Akt, ERK and p-ERK than BNL cells (Fig. 4) .
HGF promotes mesenchymal characteristics
To prove that the mesenchymal properties characteristic of 1MEA cells is being driven by HGF, we examined the effect of treating BNL cells with HGF on expression of mesenchymal characteristics. We found that HGF treatment led to significantly increased gene and protein expression of fibronectin and vimentin and significantly decreased gene and protein expression of E-cadherin by BNL cells. We further found that HGF promotes increased gene expression of snail and slug in BNL cells (Fig. 5) . Also, light microscopic examination of morphology reveals that HGF treatment of BNL cells leads to mesenchymal morphology (Fig. 5) . Since our data showed that HGF overexpression in 1MEA cells is associated with increased expression of COX-2,
ERK and Akt, we tested the hypothesis that HGF actually directly stimulates increased expression of these signaling intermediates. To do this, we examined the effect of HGF treatment on gene and protein expression of COX-2, ERK and Akt in BNL cells. We found that HGF treatment led to (Fig. 6) . Further, selective inhibition of COX-2, Akt but not ERK reversed the HGFinduced expression of vimentin in BNL cells (Fig. 6 ).
HGF promotes increased migration, invasion and clonogenicity
To determine if the increased expression of HGF by 1MEA cells in comparison to BNL cells affects the migratory capacity, we compared the migratory capacity of both cell lines using the wound healing migration assay and found that 1MEA cells have increased migratory capacity. We also found that treatment of 1MEA cells with selective inhibitors of COX-2 (1 lM celecoxib), and Akt (10 lM LY 294002) but not ERK (25 lM PD 98059) significantly inhibited the migratory capacity of 1MEA cells (Fig. 7a,  b) . Further, the direct functional effect of HGF on migratory capacity was examined by treating BNL cells with HGF and examining their migratory capacity using wound healing migration assays. These assays showed that HGF stimulated BNL cells to acquire significantly increased migratory capacity (Fig. 7c, d, e) . Also, 1MEA cells are more invasive and clonogenic than BNL cells. HGF stimulated invasiveness and clonogenicity in BNL cells. Significantly, 1MEA cells form tumors in mice but BNL cells do not ( Fig. 7; Supplementary Fig. 3 ).
Discussion
From the foregoing, it is evident that HGF upregulation in the 1MEA cancer cell line in comparison to its parent normal hepatocyte cell line, BNL, is directly related to the acquisition of mesenchymal and carcinogenic characteristics. This study proves, for the first time, that the underlying signaling mechanisms for this effect involve the Akt and COX-2 pathways. BNL is a normal hepatocyte cell line derived from liver of BALB/c mice that is not tumorigenic when injected into mice. The 1MEA cell line is a HCC cell line that was directly derived from the BNL cell line by chemical transformation and is tumorigenic when injected into mice [37, 38] . Comparison of these two cell lines is, therefore, an excellent model for determining factors that may promote carcinogenesis in HCC. Moreover, our initial observations of morphology using both simple light microscopy and hematoxylin and eosin staining of both cell lines suggested that there is also a morphological difference between these cell lines. We observed that the BNL cells have typical epithelial morphology but 1MEA cells have mesenchymal morphology. This conclusion was further strengthened when our molecular characterization revealed that 1MEA cells have very clear mesenchymal characteristics (loss of E-cadherin, loss of albumin and gain of collagen-I, fibronectin and vimentin) in comparison to its parent cell line, BNL. Further, 1MEA cells are more migratory, invasive and clonogenic than BNL cells. Importantly, 1MEA cells are tumorigenic but BNL cells are not. These observations make the BNL vs. 1MEA model an excellent one for studying the factors that may promote EMT in HCC.
The difference in HGF expression between the two cell lines is striking. 1MEA cells express 200-fold more HGF than BNL cells. Further, 1MEA cells secrete over 17-fold more HGF than BNL cells. Taken together, these data suggest that HGF is a significant factor promoting the mesenchymal and tumorigenic properties of 1MEA cells mentioned above. This conclusion is supported by the findings of another recent study that studied the role of EMT in HCC [22] . Using a single clone of CD133 positive and CD45 negative cells isolated from the liver of Pten loxp/ loxp /Alb-Cre ? mice (P0), they sequentially transplanted them into mice and obtained two further passages (P1 and P2). Analysis of all three passages of cells (P0, P1 and P2) revealed that some P2 cells had acquired mesenchymal phenotype and secreted high levels of HGF. Further, P2 cells formed tumors that were more aggressive, invasive and metastatic [22] . Combining these data with ours, therefore, leads to the conclusion that HGF is a major driver of EMT and cancer progression in HCC. To prove that HGF actually plays a direct role in the acquisition of mesenchymal characteristics as the BNL cell line progressed to 1MEA we performed some proof of concept studies where we treated BNL cells with HGF. The result was that the BNL cells acquired mesenchymal properties (loss of E-cadherin expression and gain of fibronectin and vimentin expression and increased migratory, invasive and clonogenic capacity) thus proving that HGF plays a causal role in the mesenchymal and tumorigenic properties of 1MEA.
The signaling mechanisms underlying this HGF-induced EMT and carcinogenesis in HCC were previously unknown. We chose to examine whether Akt or ERK or COX-2 are possible mediating mechanisms because of their established association with progression of many cancers including HCC [23, 28, 31] . Our data show that the increased expression of HGF, mesenchymal and carcinogenic characteristics by 1MEA cells in comparison to the parent BNL cells is associated with significantly increased expression of Akt gene and protein, p-Akt protein and COX-2 gene and protein. Moreover, selective inhibitors of Akt, and COX-2 reversed the mesenchymal characteristics and migratory capacity of 1MEA cells. Although p-ERK protein expression was increased in 1MEA and the selective inhibitor of ERK was able to reverse the molecular mesenchymal characteristics of 1MEA cells, it was unable to inhibit its increased migratory capacity. The current data further show that HGF plays a direct causal role because HGF treatment also led to significantly increased protein expression of p-Akt, COX-2 and p-ERK by BNL cells. HGF-induced expression of vimentin in BNL cells was inhibited by inhibitors of COX-2 and Akt but not ERK. Taken together, these data strongly suggest that HGF-induced mesenchymal and carcinogenic properties in HCC is mediated by signaling via Akt and COX-2 pathways. The importance of ERK pathway as a mechanism in this model is unclear because of the inability of ERK inhibition to inhibit 1MEA migration and to reverse HGF-induced expression of vimentin. Further studies are required to establish whether ERK plays a role in HCC. The determination that Akt and COX-2 pathways are involved in HGF-induced EMT and carcinogenesis in HCC is particularly important because it suggests that these intermediates are potential molecular targets for HCC therapy. The current outcome of advanced HCC treatment is largely dismal. The currently used multi-kinase inhibitor, sorafenib, is largely ineffective. It may be that activation of Akt and COX-2 pathways by HGF are important mechanisms in many patients with advanced HCC that account for the failure of sorafenib in these patients. Previous studies suggest that growth factor-induced intracellular signaling is sometimes organized into a cascade. For example, leptin signaling in esophageal adenocarcinoma involves sequential activation of a number of signaling intermediates wherein ERK and Akt activation are upstream of COX-2 [31] . A similar pathway was noted in sphingosine-1-phosphate activity in vascular smooth muscle cells [39] . Our data also shows that inhibition of ERK but not Akt activation also led to a significant inhibition of COX-2 expression. Consequently, it appears that COX-2 is downstream of ERK activation in this model of EMT in HCC. Therefore, inhibition of COX-2 may be a potentially effective treatment option in HCC, either as a chemopreventative or adjuvant therapeutic strategy. This is an especially attractive possibility that should be tested out clinically since many selective COX-2 inhibitors (including celecoxib that we used in our experiments) are currently in clinical use and have a relatively good safety profile. Moreover, routine use of selective COX-2 inhibitors may have chemopreventative benefits in HCC. Our data suggest that this possibility deserves further investigation.
In conclusion, our current data show that HGF directly promotes EMT and carcinogenic properties in HCC via separate activation of Akt and COX-2 pathways. ERK activation may be upstream of COX-2 in the process of EMT in HCC. Specific molecular targeting of these pathways may have clinical therapeutic and chemopreventative benefits in HCC.
